. Graphene-wrapped reversible reaction for advanced hydrogen storage. Nano Energy, 26 488-495.
Introduction
Lithium borohydride (LiBH4) has been widely investigated as one of the most promising solid-state materials for hydrogen storage due to its high gravimetric (18.5 wt.%) and volumetric hydrogen density (121 kg m -3 ). [1, 2] Its practical applications, however, are significantly restricted by the high thermodynamic stability and sluggish reaction kinetics of LiBH4, which are attributed to the strong ionic/covalent bonding between the constituent elements, which leads to a complete dehydrogenation only at temperatures exceeding 400 o C (Eq. (1)) and only partial rehydrogenation even under more extreme conditions of 600 o C and 35
MPa hydrogen. [3, 4] LiBH4 ↔ LiH + B + 3/2H2 (1)
Developing reactive hydride composites (RHCs) by incorporating metal hydrides has been proven to be an effective strategy for lowering the reaction enthalpy, enhancing the kinetics, and improving the reversible capacity of LiBH4, while preserving the high overall hydrogen density. [5] [6] [7] [8] [9] [10] A prototypical RHC is the combination of LiBH4 and MgH2 in a 2:1 molar ratio with a high theoretical hydrogen capacity of 11.4 wt.% based on Eq. (2), as well as a more advantageous dehydrogenation enthalpy (42 kJ mol -1 H 2 ) due to the formation of MgB 2 .
[ [5] [6] [7] 2LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2 (2) Nevertheless the 2LiBH4-MgH2 composite still suffers from sluggish kinetics (as a temperature of over 400 o C is required for an appreciable dehydrogenation rate) and poor reversibility owing to grain growth, phase separation, and particle 4 agglomeration during hydrogen sorption cycles at elevated temperature. [6, 11, 12] Downsizing materials to the nanometer scale has been extensively demonstrated to relieve the inherent limitations to the diffusion of elements in the solid state and facilitate destabilization induced by excess surface energy. [13] [14] [15] Due to the high reactivity of both LiBH4 and MgH2, the synthetic strategy of direct synthesis of the 2LiBH4-MgH2 composite is limited to mechanical milling with uncontrollable size distribution, and, meanwhile, the performance of the mechanically milled composite is degraded during high-temperature cycling, mainly due to the uncontrolled particle growth and/or the aggregation during cycles of hydrogenation and dehydrogenation. [16] An alternative to synthesize and stabilize nanostructured hydrogen storage materials is nanoconfinement via encapsulation in porous scaffolds, leading to the formation of nanosized composite particles under steric confinement, which could effectively preserve the nanostructured morphology during thermal treatment and ensure the cycling stability. [17] [18] [19] Nonetheless, the inadequate efficiency, the tedious infiltration process, and a significant degradation of hydrogen capacity due to the massive "dead weight" introduced by inactive scaffolds, which is more obvious for the confinement of a binary composite, are major drawbacks for this strategy. [19] [20] [21] In terms of 2LiBH4-MgH2 composite, the loading capacity reported in the literature is less than 50 wt% (Table S1 in the Supporting Information). Moreover, in order to achieve the effective nanoconfinement of 2LiBH4-MgH2 composite, MgH2 and LiBH4 are required to be infiltrated in sequence, due to the lack of suitable solvents reported to dissolve both of them or their precursors in the previous literature. [22, 23] Hence, the blocking of pores resulting from the preliminary infiltration of MgH2 leads to the inhomogeneous distribution of LiBH4 and prevents direct physical contact between LiBH4 and MgH2, which usually results in their individual decomposition and therefore, inferior dehydrogenation and hydrogenation kinetics and reversibility. [23] As a result, the practical hydrogen storage densities of the whole system for nanoconfined 2LiBH4-MgH2 composite reported in the literature is further reduced to lower than 4.5 wt.% upon heating to 450 o C (Table S1 ). Therefore, the integration of both nanostructure engineering and high capacity to develop an efficient approach to the synthesis of high-performance reactive hydride composites is highly desirable, but remains a great challenge to date.
In this paper, we have adopted a bottom-up self-assembly strategy to controllably synthesize three-dimensional (3D) MgH2@Graphene (MH@G) porous structure via solvothermal treatment with the assistance of H2 (Figure 1 ).
By taking advantage of MH@G as the "smart nanoreactor", in which flexible and 3D-structured graphene serves as the flexible structure support and MgH 2 nanoparticles homogeneously distributed on graphene serve as favorable heterogeneous nucleation sites to uniformly adsorb the solution containing LiBH4 and hence, construct LiBH4 around MgH2 nanoparticles, monodisperse 2LiBH4-MgH2 nanocomposite (LBMH@G) with a particle size of ~ 10.5 nm was controllably fabricated on graphene. On the one hand, the nanostructuring of 2LiBH4-MgH2 composite could significantly decrease the phase boundaries between LiBH4 and MgH2, and improve the solid-state diffusion pathways for mass transport during hydrogen storage, alleviating the low mobility of atoms and ions. On the other hand, the resultant 3D architecture can not only provide accessible channels for fast transportation of hydrogen, but is also conductive to preserving the high thermal conductivity of the overall composite for rapid heat transfer during the hydrogen storage cycling, which is induced by the homogeneous distribution of flexible graphene. Moreover, the flexible graphene can prevent the growth and agglomeration of particles, and also can accommodate the stress caused by the large volume changes during consecutive cycles of hydrogen uptake and release, resulting in prolonged cycling lifetime. Altogether, the as-prepared graphene-supported 2LiBH4-MgH2 nanocomposite with a sandwich-type structure exhibits greatly improved hydrogen storage performance compared to other forms of 2LiBH4-MgH2, with high energy density, remarkable rate performance, and excellent cycling stability.
Results and discussion:
The growth of homogeneous MgH 2 NPs anchored in situ on graphene was obtained by a hydrogenation induced solvothermal reaction of dibutyl magnesium at 200 o C for 24 h. [24] Field-emission scanning electron microscope (FE-SEM) ( After infiltration and nucleation of LiBH4, the morphology of MgH2@G is essentially preserved, and the structure of MgH2 remains spherical. Taking advantage of MgH2 NPs with a relatively high surface energy as heterogeneous sites, which exhibits favorable adsorption of tetrahydrofuran (THF) containing LiBH4 [25] , and the hydrophobic nature of graphene, which is incompatible with THF [26, 27] [ 31, 32] Interestingly, the enthalpy changes of dehydrogenation of 2LiBH4-MgH2 nanocomposite are calculated to be ~46.8 kJ mol -1 H2, which is significantly lower than the relative value of the bulk counterpart attributed to the favorable formation of In the light of these observations, the superior hydrogen storage performance and cycling stability of graphene-supported 2LiBH4-MgH2 nanocomposite can be mainly ascribed to several unique features. First, the high surface area of graphene and the unique self-assembly strategy make it possible to realize the high loading of uniform MgH2 NPs and hence LiBH4 NPs, which ensures the high capacity of the system (Figure 1) . Secondly, the significant reduction of particle size down to the nanometer scale can not only develop close contact between LiBH4 and MgH2, but also significantly decreases the diffusion distances for the solid-state reaction between LiBH4 and MgH2, and enhances surface interactions (Figures 2 and 3 ), leading to tremendously improved hydrogen storage kinetics ( Figure 4 ) and favorable formation of MgB2 from the interaction between Mg and LiBH4 during dehydrogenation. Moreover, the obtained 2LiBH4-MgH2 nanocomposite is homogeneously anchored into the porous skeleton of graphene with close and robust physical contact, which could ensure fast heat transfer induced by the high thermal conductivity of graphene and, simultaneously, effectively avoid the aggregation of the as-synthesized nanoparticles from the opposite side of graphene sheets during the hydrogen storage process ( Figure 5 ). In addition, the particle size of 2LiBH4-MgH2 nanocomposite down to only ~ 10.5 nm and the relatively clear interparticle space between the as-synthesized nanocomposite coupled with the steric confinement and structural support effects of porous graphene could effectively alleviate particle growth and sintering effects, resulting in a well-preserved morphological nanostructure and excellent cycling stability ( Figure   5 ). Therefore, the well-designed graphene-supported 2LiBH4-MgH2 nanocomposite exhibits exceptionally high hydrogen storage capacity, significantly improved dehydrogenation kinetics, and excellent cycling stability.
Conclusions
In summary, we have demonstrated the rational fabrication of a nanostructured binary composite, i.e., 2LiBH4-MgH2, with homogeneous particle size of ~10. 
Experimental details
Preparation of graphene-supported MgH2 nanoparticles: Graphene-supported MgH2 NPs were fabricated through the hydrogenation of di-n-butylmagnesium (MgBu 2 ) in cyclohexane. [24] In a typical synthesis of MH20@G, 0.0132 g graphene was first mixed with 1.6 mL MgBu 2 solution and 40 mL cyclohexane in a pressure reactor vessel to achieve a homogeneous dispersion. Pressure-composition-temperature (PCT) measurements were conducted at the desired temperatures, and the equilibrium time for each point was set to 600 s. 
